Geisler's [Geisler, W. S. (1999) . Motion streaks provide a spatial code for motion direction. Nature, 400, 65-69] model of motion processing proposes that image smear arising from extended integration periods in Simple cells creates motion streaks which indicate the axis of motion. Orientation cues were provided using textured dot-pairs composed of randomly-placed luminance increments and decrements giving contours with the same average luminance as the background and incompatible with smear. These contours were equally effective in signalling both motion axis and coherence. The results support the assertion that extended contours can determine the perceived axis of motion and that the motion system can use second-order texture cues for this purpose. Inputs of this type are therefore required for both Geisler's (1999) and Barlow and Olshausen's [Barlow, H. B., & Olshausen, B. A. (2004) . Convergent evidence for the visual analysis of optic flow through anisotropic attenuation of high spatial frequencies. Journal of Vision, 4, 415-426] models of this ability.
Introduction
The challenge in detecting movement of objects within the visual field is to obtain a quick and accurate answer that will support rapid action. Objects moving toward an observer might need to be caught, or avoided, and image movement produced by locomotion may need to be adjusted to avoid obstacles. The visual system supports such activity and thus must have solved the problem (Nakayama, 1985; Warren, 2004) . Indeed, many models of motion processing have been presented but no definitive model has yet been produced. Most researchers have focused on the displacements produced over time when objects move and have developed three types of models. The first correlates image information at different locations after a temporal delay (Reichardt, 1986; Van Santen & Sperling, 1984) , the second, formally equivalent, type (van Santen & Sperling, 1985) calculates local motion energy (Adelson & Bergen, 1985; Watson & Ahumada, 1985) whereas the third type monitors the gradients of spatial and temporal changes produced by motion (Johnston & Clifford, 1995; Johnston, McOwan, & Buxton, 1992; Marr & Ullman, 1981) . More recently Geisler (1999) has suggested that neurons tuned for the orientation of contours (pattern detectors) might contribute to motion direction determination. He noted that these neurons collect information for extended periods of time (40-100 ms depending on luminance level (Peterson, Ohzawa, & Freeman, 2001) ) and that moving images will therefore be smeared across the neuron's receptive field while it is collecting its signal. This will result in a neural smear equivalent to viewing an image smeared in the direction of its displacement. Geisler's (1999) proposal was that the orientation of streaks in the smear could be detected by pattern sensitive units to determine the precise axis of motion. The direction along the path would be signaled by motion-sensitive units which then only need to give a binary signal disambiguating the direction of progression.
This latter model suggests that the texture orientation of a pattern should influence its perceived direction of motion. Ross, Badcock, and Hayes (2000) demonstrated that a sequence of images in which elements are randomly displaced from frame to frame can be made to appear as though the motion is coherent if the elements have orientations which are parallel to a common path (see http://www.psy.uwa.edu.au/david/dynamic_glass_movies. htm for a demonstration). Indeed the perceived direction of coherent motion in fields of lines can be altered by manipulating the orientation of the lines (Ross, 2004; Werkhoven, Snippe, & Koenderink, 1990 ) and orientation cues provided at the edges of moving patterns can influence the ambiguous motion within them (Badcock, McKendrick, & Ma-Wyatt, 2003; Fisher & Zanker, 2001 ). These effects can be easily understood if the visual system capitalizes on the motion streaks that Geisler (1999) has discussed, but has generalized this process to use any orientation cues compatible with smear. This would mean that lines composed of uniform luminance increments could be equally effective as those produced by smear. Barlow and Olshausen (2004) have described this process in an alternative domain. They note that motion would produce a smear in the direction of displacement and that a subsequent analysis of the image sequence would therefore have an anisotropic power spectrum. The spectrum in the direction of the displacement would be truncated since smear would reduce the energy in the higher spatial frequency components. Thus the relative truncation in the power spectrum would be a cue to motion along the path indicated by the most truncated axis.
A literal interpretation of either view of the underlying process would predict quite different percepts if the image sequence was composed of Glass patterns constructed from opposite polarity dipoles. In that case (see Fig. 1 ) the apparent Glass pattern structure is altered and does not correspond to the global rule for the placement of the dipoles (Barlow & Olshausen, 2004; Burr & Ross, 2006; Dakin, 1997; Glass & Switkes, 1976) . As Fig. 1b shows the structure appears quite different when opposite polarity dipoles are used but following our previous procedure and creating an animated sequence of uncorrelated Glass patterns, each pattern having dipoles placed according to a concentric rule, yields the percept of coherent rotary motion. The motion appears slower than with patterns created from same-polarity dipoles but retains the clear rotary organization of flow with the previously reported ambiguity in direction of rotation (see supplementary Movie 1 for a demonstration). This led us to propose that the form-based input to the motion system, suggested by Geisler (1999) , must include second-order orientation detectors as well (Badcock, 2000; Badcock, Acacio, & Khuu, 2001; since these detectors, which are usually modeled as a filter-rectify-filter sequence (Prins, 2008; Sutter & Graham, 1995) , are sensitive to unsigned contrast and thus could correctly signal the orientation of the contrast envelope of the opposite polarity dipole (Badcock, Clifford, & Khuu, 2005) . The motion system is known to contain mechanisms that respond to contrast variation (second-order system) in addition to those that respond to luminance variation (first-order system). These systems can be independent in their processing Edwards & Badcock, 1995) and both would be stimulated by the dipole and line elements defined by luminance increments discussed in the experiments above. While this speculation, that second-order form detection provides an orientation cue to the motion system, can explain the apparent axis of motion in the opposite polarity dipole stimuli it remains to be directly tested.
1
The second-order motion and form systems can respond to stimuli which are textured but balanced so that the elements have the same average luminance as the background Badcock et al., 2005; Edwards & Badcock, 1995) . The overall orientation of these elements is not available to the first-order form system and thus could not shape motion direction for a solely first-order system (Badcock et al., 2005; Edwards & Badcock, 1995) . Motion smear of these elements would also cause them to disappear for a system only sensitive to luminance-defined streaks since increments and decrements would spatially average to a value equivalent to the background level. Similarly the textured dots do not produce an anisotropic power spectrum (see Fig. 2 which compares power spectra b, e and h for dipoles comprised of two Fig. 1 . Three Glass patterns constructed with 100% of the dipoles placed appropriately for concentric global structure. The dots comprising the dipoles are either (a) both luminance increments (LI), (b) opposite contrast polarity dots within the pairs (OP) or (c) textured second-order dots (SO). The concentric global structure is degraded in (b). The dots are square and in c contain equal numbers of balanced increments and decrements so that the average luminance of the dot matches the background. Note: the balance may be lost in the printing process used to produce this picture.
1 Another implication of this interpretation is that the relative dominance of firstand second-order inputs differs for motion and form perception with this stimulus. The opposite polarity dipoles do not support the percept corresponding to the global placement rule (see Fig. 1 ) even though second-order form cues are available (Badcock et al., 2005) but the second order cues do dominate the motion percept. There are other examples of situations where second-order motion cues dominate the first-order interpretation (Derrington, Badcock, & Holroyd, 1992) and given the second-order system's tolerance of variation in stimulus definition it may be the more robust system for motion interpretation.
increments, an increment-decrement pair and a balanced-textured pair 2 ). Thus a system that depended on such a cue to produce the coherent motion percept (Barlow & Olshausen, 2004) would yield random motion with these second-order stimuli.
The experiments that follow show that the perceived axis of motion of dynamic Glass sequences composed of texture dot-pairs is consistent with that produced by incremental pairs and also that sensitivity to those two types of patterns is the same. This requires a change to the models proposed by both Geisler (1999) and Barlow and Olshausen (2004) which could be made by adding a filter-rectify-filter preprocessor in the manner that has been shown to be sufficient for other aspects of form and motion processing (Badcock et al., 2005; Sutter, Beck, & Graham, 1989; Sutter & Graham, 1995; Wilson, Ferrera, & Yo, 1992) .
Method

Observers
Five observers (ED, SK, AMW, JB and RB) participated in this series of experiments. ED is one of the authors and both he and SK were experienced psychophysical observers but not naïve to the aims of the experiment. RB, JB and AMW were also experienced observers but were naïve to the experimental aims. All observers had normal or corrected to normal visual acuity. Observer ED has a divergent squint and his observations were monocular with the dominant right eye used in all instances. The observations of other observers were made binocularly.
Apparatus
The stimuli were created using custom software in MatLab (Version 5.3, Mathworks, Natick, MA, USA). Patterns were drawn Fig. 2 . The left-hand column presents translational Glass patterns with a diagonal axis. The middle column presents the power spectrum resulting from a Fourier analysis of the left most pattern. The right-hand column depicts the summed energy for each orientation in the power spectrum. Only energy between 2 and 10 c/deg has been summed because Barlow and Olshausen (2004) only used this range. The results are little affected by extending the range. The top row shows that for increment dot-pairs the power spectrum has most energy in a direction orthogonal to the main axis of the global structure in the pattern. The middle row shows that opposite polarity dipoles produce a spectrum where there is no energy oriented orthogonal to the global structure but there is a good deal of energy at most other orientations. The bottom row shows that the second-order dots (balanced increments and decrements within a dot) produce a power spectrum with equal energy at all orientations.
2 Two black circles are plotted on the power spectra to indicate the location of 2 and 10 c/deg assuming the patterns are 12°diameter (Fig. 2b , e and h). Following Barlow and Olshausen (2004) we have restricted our analysis to this region of the spectrum (although it is not critical) and instead of implementing their filter exactly we have summed the energy in this range at each orientation to produce Fig. 2c , f and i. These deviations from their procedure produce small differences in total values but do not substantially alter the right most plots. The main result, the lack of anisotropy with textured patterns, will be obtained whatever method is employed because the spectrum itself (Fig. 2h) is isotropic.
to the screen of a Hitachi Accuvue 4821 monitor from the frame buffer of a VSG 2/4 graphics card (Cambridge Research Systems (CRS), Kent, UK) in a PC. Screen refresh rate in all instances was 100 Hz. Luminance calibration was performed using a CRS OPTICAL OP 200-E photometer (Head model #265) and observers responded by pressing one of two buttons on a button box (CRS, CB2). Viewing distance was stabilised by use of a chin rest.
Dynamic Glass stimuli
The stimuli in all cases comprised sequences of eight independent Glass patterns composed of pairs of dots. The Glass patterns were embedded in a square field of side 30 cm (23°at the viewing distance of 76 cm) and with uniform luminance of 45 cd m À2 .
Overall diameter of the Glass pattern was 18.5 cm which represents a subtended angle of 14°at the viewing distance of 76 cm. The dot-pairs were excluded from a central area of diameter 3.5°t o eliminate geometrical effects associated with the increasing angle subtended by the dot-pairs to the centre of the Glass pattern with decreasing radius. Duration of each frame was 50 ms with eight frames presented in each sequence. No inter-frame interval was used as this has been shown to degrade performance when real motion sequences are employed (Edwards & Badcock, 1995) . Screen resolution was 1.72 0 per pixel with the Glass patterns composed of 50 dot-pairs. Each of the dots comprised a 6 Â 6 matrix (10 arcmin) of screen pixels. The centres of the dots were separated by 12 screen pixels (20 arcmin). All dots were textured with a different random texture for each frame. There were three different types employed. For the luminance increment (LI) dots half the screen pixels within each dot were set to an increased luminance of 90 cd m À2 and half were set to the background luminance. The average luminance of each dot was 67.5 cd m À2 . In the axis of motion experiment opposite polarity dot-pairs were used which required a luminance decrement dot (LD) as well. These dots were constructed in the same manner as LI dots but the lowest luminance was approximately 0 cd m À2 (the luminance was not measurable with the Optical and testing was conducted in a dark room) and the highest luminance equated to the background yielding a mean luminance of 22.5 cd m À2 (verified using the Optical). By virtue of having a contrast variation and a mean luminance which differs from background the LI and LD dots can be expected to drive both the first-and second-order motion systems (Edwards & Badcock, 1995) . Second-order (SO) dots consisted of randomly distributed equal numbers of screen pixels with increments and decrements in luminance of equal magnitude (luminosities of 90 cd m À2 and 0 cd m À2 , respectively). The average luminance of the SO dots equates to the background but the specific texture was created for each dot in each frame independently (as for the LI dots). The symmetry of observer responses to luminance increments and decrements was established prior to this experiment to ensure the SO dots were balanced for each observer (Badcock et al., 2005) and using these methods firstand second-order processes have been shown to be independent for both the static Glass patterns (Badcock et al., 2005) and global dot motion movies Edwards & Badcock, 1995) . Fig. 1 shows 100%-coherent, rotary, singleframe examples of the three stimulus types used in the axis of motion experiment. In order to produce a coherent orientation signal in the Glass patterns dot-pairs were oriented relative to an imaginary line from the centre of the stimulus to the centre of the dipole. Pairs aligned with that vector (i.e. 0°angu-lar difference) produce radial patterns. Pairs aligned at À45°to that vector produce a spiral opening clockwise and a À90°an-gle produces a concentric pattern (Dickinson & Badcock, 2007) . The remaining dot-pairs constituted noise that differed by being randomly oriented.
Procedure
Axis of motion
Observers were required to view a dynamic Glass sequence and then press one of two buttons to indicate whether it contained more rotary or radial motion. Three stimulus types were employed: Glass patterns composed of pairs of LI dots, SO dots or opposite polarity dot-pairs containing one LI and one LD dot. In the opposite polarity pattern (OP) half of the dot-pairs had one polarity sequence and half the other. This balances any systematic directional effects due to differential temporal processing of increments and decrements (Brooks, van der Zwan, & Holden, 2003) . Each observer completed five replications of runs in which the Glass angle varied between 0°and À90°, with the range between À20°and À70°where performance varies with signal level, covered in 5°steps. Within a run 20 responses were collected for each angle presented. In a parallel set of conditions the observers were required to make the same judgments when viewing a single static Glass pattern of each type presented for the same duration as the dynamic Glass stimuli. These conditions were primarily run to quantify the difference between the perceived dipole orientation in OP stimuli and the perceived direction of motion.
Control: test for real motion artefacts
In order to ensure that there was no consistent directional displacement signal in the dynamic Glass patterns, two observers were required to view the display simultaneously and to indicate after each trial the direction of the perceived rotation in the concentric dynamic Glass patterns. Two separate response boxes (CRS, CB2 and the computer mouse) were provided, one for each observer. Dynamic Glass patterns yield a consistent motion axis but the direction along that axis is ambiguous . Therefore, provided there is no consistent pattern of displacements the responses of the two observers should be uncorrelated with each other. The stimuli employed for this test were 100%-coherent concentric dynamic Glass patterns. The stimuli were originally employed for a different experimental series and were composed of six, 50 ms frames that were created afresh for each trial. This is two frames shorter than in the main experiments but since the method of creation was identical and the percept equivalent we did not recollect the data with the marginally longer sequence. The display details were the same as for the previous experiments and in this case the dot-pairs were all SO, created as outlined above. Both the positions of the dipoles and the specific texture for each dot were randomly reallocated for each new stimulus frame. After each trial the observers provided independent indications of whether the perceived rotation was clockwise (CW) or counter-clockwise (CCW). Four hundred trials were presented in four blocks of 100 trials.
Sensitivity
A two interval, forced choice procedure was used to assess the ability of the observers to obtain a percept of coherent motion within sequences of independent Glass patterns (eight, 50 ms frames). In each trial the subject was required to indicate which of a pair of presentations, the first or second sequence presented, contained global structure. One of the pair carried a signal indicated by a randomly distributed subset of the dot-pairs being aligned at right angles to the vector describing their position relative to the centre of the Glass pattern (a concentric structure). In the other all dot-pairs were randomly oriented. A signal coherence threshold was defined as the 79% correct performance level in determining the Glass pattern sequence carrying signal. This threshold was converged upon via a modified staircase procedure (Badcock and Smith, 1989) varying the proportion of signal to noise dot-pairs. Eight reversals were collected with the threshold being taken to be the mean of the last four reversals. The initial signal strength was 14 tangentially oriented dot-pairs and the initial step size eight dot-pairs.
Step size was halved after each of the first three reversals so that the step size for each of the final four reversals was one dot-pair. The threshold estimate for each of the conditions used was the average of five individual staircases. Thresholds were collected for patterns containing either 50 or 100 dipoles in order to verify that the results generalise across element density in this range.
Control: detection thresholds for static structure
To facilitate comparison between detection thresholds for static and dynamic Glass patterns two observers (ED and JB) participated in a set of conditions in which thresholds were obtained for detecting the presence of coherence in static and dynamic Glass patterns at a range of spiral angles. All procedural details were identical to the main sensitivity experiments and the static and dynamic Glass stimuli were constructed in the same manner. Thresholds were compared for LI, OP and SO patterns. Fig. 3a and c presents the data indicating the perceived axis of motion. Ross et al. (2000) showed that the perceived axis of motion is determined by the coherent structure in each of the independent Glass patterns. This experiment required observers to indicate whether a dynamic Glass sequence appeared to contain more rotary or radial motion (a two choice response) as a function of Glass pattern angle. Fig. 3a and c shows that the responses are 100% radial when the Glass pattern is radial (0°) and 100% rotary at the other extreme (À90°). With 45°spirals responses are evenly distributed between rotary and radial as would be expected from a spiral percept. Both observers show this pattern for both LI and SO dots indicating that the purely second-order structure made no difference in this context. Results with opposite polarity dipoles (one LI and one LD dot) have also been included to corroborate the earlier observation that perceived motion axis is consistent with the dipole orientation even in this case. It is important to reiterate that the opposite polarity dipoles do not create the same global spatial percept as the other two dipole types (see Fig. 1b and Dakin, 1997; Glass & Switkes, 1976) . Fig. 3b and d present data directly addressing this issue. The observers were required to make the same judgment about the perceived structure but with single static Glass patterns as the stimuli (randomly generated for each trial). In this case the OP patterns generate a different apparent structure, e.g. the concentrically placed dipoles produced a pattern described as petal-like by Glass and Switkes (1976) , consistent with the broad spread of energy in the orientation domain depicted in Fig. 2f . The curves produced by both observers are significantly shallower than in the dynamic condition indicating that the judgements were not based on the apparent static structure in the dynamic case. The apparent structure in the other two conditions is consistent with the motion percept and using either percept for the judgement generates similar results. Curves are shown for three pattern types: luminance increment dots (squares), dot-pairs containing one luminance increment and one luminance decrement (upright triangles) and second-order dots comprised of balanced texture (circles). The data for both observers indicate that the dot type had no differential influence on the perceived axis of motion but that opposite polarity dipoles degraded the ability to identify structure in static patterns. 3 The reader may wonder how the observers achieved accurate performance with OP dipoles at 0°and 90°when the orientation spectrum is so broad. The spectral spread is broad (see Fig. 2f ) but there is a minimum in the spectrum 90°away from the dipole orientation. In a task that requires observers to rate patterns as closer to radial (0°) or rotary (90°) structure the increased ambiguity regarding the required response gradually declines as the pattern structure moves towards the ends of the range. So, while the structure is still not precisely specified it becomes more clearly like one end of the range than the other allowing good performance on the task.
Results
Axis of motion
Control experiment: test for real motion artefacts
One way in which performance could smoothly change from a radial to a rotary motion percept would be if there was some error in stimulus production so that the motion vectors connecting dots (or dipoles) from one frame to the next contained some consistent signal. If these signals did exist (and we have formally shown that they do not need to Ross et al., 2000) then two observers viewing the same stimulus should give similar responses. Fig. 4a and b shows that when presented with a number of trials observers are equally likely to report clockwise and anti-clockwise rotations and subsequent analysis of the trial by trial agreement yields a point biserial correlation between the observers responses of approximately zero (r pb = 0.06, p = 0.22). Fig. 4c shows that all combinations of response directions between the observers are equally likely and none vary significantly from the expected chance value of 25 (t-tests from left column to right: t(3) = 0.86, p = 0.45, t(3) = 2.72, p = 0.07, t(3) = 0.31, p = 0.77, t(3) = 0.13, p = 0.91). This supports the conclusions of the previous formal analysis, that there are no consistent directional displacements that produce the percept of coherent rotation in these stimuli. It is the form cue which determines the axis of motion.
Sensitivity
Coherence thresholds for four conditions were determined for each of the four observers. Fig. 5 displays results for each observer representing the coherence thresholds (number of coherently oriented dot-pairs at threshold) for the four conditions relating to Glass patterns composed of dot-pairs. Error bars indicate the within condition 95% confidence interval.
The confidence intervals are small in comparison to the differences in threshold between the 50 and 100 dipole conditions and the gross pattern of the results is similar for each of the observers. The thresholds do increase in approximate proportion to the total number of dipoles when the pattern composition changes from 50 to 100 dipoles (Badcock et al., 2005) but there is no consistent difference between performance with LI dots and SO dots even though the cue in the first-order power spectrum is unavailable with the SO dots.
Control experiment: threshold comparison for static and dynamic structure
Two observers (ED and JB) completed a series of conditions in which coherence thresholds for identifying which of two intervals contained a proportion of coherently oriented dipoles were measured for a range of Glass angles. Fig. 6 plots the mean and 95% confidence intervals for conditions in which the dipoles were constructed of LI, OP or SO pairs. Thresholds were collected for both static Glass patterns (Fig. 6a and c) and dynamic Glass sequences ( Fig. 6b and d) . Two main results were obtained across all Glass angles. First, the thresholds for detecting coherence in dynamic patterns were approximately half those required to detect it in static patterns. Second, the thresholds for detecting coherence in patterns composed of OP dipoles were much higher than the rest when the stimuli were static patterns but not for dynamic patterns. In all cases the coherent motion percept facilitated the detection.
Discussion
The current study was designed to ascertain whether axis of motion could be specified by textured stimuli that would only drive the second-order form system in a coherent manner. The stimuli were sequences of Glass patterns which have no correlation with each other and therefore do not provide a consistent directional signal to the motion system. This lack of consistent signal is reflected in the lack of correlation between the responses of our two observers when viewing identical patterns (see Fig. 4 ). The luminance texture of the individual dots was balanced so that it averaged to the same luminance as the background and was randomized for each dot on each frame of the sequence so there was no systematic signal for the first-order luminance detection system (i.e. detectors such as orientationtuned Simple cells). The SO stimuli also eliminate the anisotropy in the power spectrum (see Fig. 2 ) that Barlow and Olshausen (2004) have suggested may be used as a spectral signature to the Fig. 5 . This figure plots the number of coherently oriented dipoles required to determine which of two dynamic sequences contained coherent structure. Data are presented for four observers with either 50 or 100 dipoles in the target patterns. The dipoles were composed of either luminance increment (LI) dots or textured second-order (SO) dots. While more signal was required with higher dipole numbers in the pattern there was no differential effect of dot type. Fig. 6 . Coherence thresholds (+95% CI) for observers ED (upper) and JB (lower) for both static (a and c) and dynamic (b and d) Glass patterns constructed from dipoles where the dots were either both increments, both textured (second-order) or were of opposite polarity (an increment dot paired with a decrement dot). Detecting coherent structure in static Glass patterns produces higher thresholds and is much more difficult with opposite polarity dipoles. Dynamic Glass patterns produce a coherent motion percept which leads to equivalent thresholds for all three pattern types. These motion supported thresholds are approximately half those for the equivalent static pattern. axis of motion. The results are clear. Observers perceived the sequences made from SO dots to move along the same axis as LI dot patterns and were equally sensitive to the presence of coherent structure.
One may be concerned that observers were using spatial cues, rather than motion cues, in the sensitivity tasks but this does not correspond with the experience of doing the task and is unlikely given that thresholds for static Glass patterns created in this manner are nearly double those obtained in the current study. A direct comparison can be made for observers SK and AMW by examining Badcock et al. (2005) Fig. 3 , and we have also reported this difference between dynamic and static thresholds elsewhere (Badcock, 2000; ). In addition Fig. 6 of the current study shows this difference for observers ED and JB using stimuli identical in all respects to those employed for the main results here. Using static form cues produces higher thresholds than were obtained for the dynamic patterns by nearly a factor of two.
Previous descriptions of motion streaks have assumed that they are normally produced by neural smear due to extended temporal integration during image motion. The second-order dots used here could not be produced by image smear. This result indicates that the visual system is able to use any detectable orientation cue when determining the direction of motion in the dynamic Glass sequences. Ordinarily object motion would produce both a luminance streak and a second order (contrast) streak (Edwards & Badcock, 1995) and the results indicate the visual system can use both. This is consistent with the broader evidence that second-order signals provide independent inputs, and indeed different information (Schofield, 2000) to most visual processing, e.g. there is a role in motion perception Chubb & Sperling, 1988; Derrington et al., 1992) , orientation perception as indicated by the tilt illusion (Badcock & Hutchison, 1998; Smith, Clifford, & Wenderoth, 2001) , texture perception, (Graham, 1994; Sutter et al., 1989) , global form processing (Badcock et al., 2005) and position coding McGraw, Whitaker, Badcock, & Skillen, 2003) . Indeed only a few areas described so far indicate second-order inputs are ineffective, e.g. in evoking opto-kinetic nystagmus (Harris & Smith, 1992) , driving pursuit eye-movements (Hawken & Gegenfurtner, 2001 ) and in producing motion aftereffects with static test stimuli Nishida & Sato, 1995) .
Implications for the Barlow and Olshausen model
This model proposes that the orientation in Glass patterns is signaled by an anisotropy in the frequency domain. The results of this study show that the model (like Geisler's (1999) ) would need to be modified to incorporate a second-order input, since the removal of the first-order spectral cue does not alter performance in any significant way. If a second-order input was provided then the proposed analysis could work as Barlow and Olshausen (2004) have described and provide a frequency domain formulation of the motion streak hypothesis. We find it more convenient to work in the space domain since there are no Fourier tools that readily analyse the radial and concentric structures commonly used in Glass patterns. Translational patterns can be analysed and local frequency analyses might be expected to be similar to the global Fourier analysis but that is not the case with radial and concentric structures. Whichever is found to be the most appropriate model of the visual system, the current work shows that both first and second order inputs need to be incorporated.
The observations with opposite polarity dipoles also have some interesting implications. The static version of the concentric pattern (Fig. 1b) generates a percept that reflects its first-order properties, i.e. it does not look strongly concentric in structure. However, the dynamic version produces a strongly rotational motion percept suggesting that for motion the second-order spatial properties are dominant which, for the opposite polarity dipole would be aligned with dipole orientation. This suggests that form and motion systems differ in which signal type takes precedence even though both are available in both systems. For the motion system there is likely to be a benefit obtained by relying on a system that is able to determine signal direction in the face of changes in stimulus definition, such as the contrast changes that could result from movement in an environment where lighting is not constant (Blakemore & Snowden, 1999; Horswill & Plooy, 2008; Thompson, 1982) . The current results suggest the form system places more reliance on first-order signals, even though second-order signals can be used (Badcock et al., 2005) .
